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PREFACE 


The  U.S.  Anny  Ballistic  Research  Laboratoiy  was  deactivated  on  30  September  1992  and  subsequently 
became  a  part  of  the  U.S.  Anny  Research  Laboratory  (ARL)  on  1  Octoba  1992. 
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1.  INTRODUCTION 


The  cuneitt  design  approach  (Concept  VIC)  for  utilizing  liquid  monopiopcllants  in  gun  applications 
involves  the  high  velocity  regenerative  injection  of  propellant  from  a  reseivoir  into  the  combustion 
chamber.  Experimental  gun  fixtures  utilizing  this  concept  have  been  successfully  built  and  fired  in  sizes 
ranging  from  30  to  ISS  mm.  The  experimental  data  obtained  from  these  fixtures  have  been  simulated 
using  interior  ballistic  models  based  on  a  lumped  parameter  treatrnem  of  the  combustion  process  (Coffee 
1988;  Coffee.  Wren,  and  Morrison  1989.  1990;  Wren.  Coffee,  and  Morrison  1990).  Good  agreement 
between  the  experimental  data  and  the  simulations  has  been  achieved  with  respect  to  pressure-time 
histories,  piston  motions,  and  projectile  velocity.  Despite  this  success,  more  fundamental  characrerizadon 
and  modeling  of  Regenerative  Liquid  Propcllam  Gun  (RLPG)  prorresses  is  required  for  predicting  high- 
performance  gun  firings  and  resolving  remaining  techrucal  issues. 

One  technical  issue  which  has  received  considerable  attention  is  the  large  pressure  fluctuations 
observed  in  virtually  every  RLPG  caliber  and  geometry  tested  to  date  (Graham  1988.  Knapton  1990, 
Watson  1989).  Although  muzzle  velocity  is  Itrde  affected  by  these  fluctuations,  there  is  rroncero  that  they 
may  have  an  adverse  effect  on  projectile  components.  Analysis  of  pressure  vs  time  traces  from  IS5-mm 
gun  ftrings  reveals  that  the  fluauations  have  both  edternu  and  incoherent  wave  stiuctuie,  with  most  of 
the  energy  stored  in  the  incoherent  waves  (Kabeil  1992),  The  coherciu  waves  can.  in  most  oses,  be 
related  to  acoustic  modes  which  depend  on  the  global  geometry  of  the  combustion  chamber.  The  source 
of  incoheretu  fluauaikms  is  uncenain.  Attempts  to  reduce  or  diminate  pressure  fluctuations  guided  by 
analysis  of  cxpeiimctual  gun  flring  dau  have  been  only  partially  successful.  Some  teduoion  of  the 
coherent  fluctuations  has  been  achieved  throu^  the  use  of  bailies  and  cavities  (Watson.  Knapton.  and 
Boyer  1989).  jet  dispersion  devUx^  (DeSpirito  et  al.  1991 ).  and  modified  injector  faces  (Watson.  Knaptott, 
and  Boyer  1989).  Rcceiuly.  fluctuations  were  dimutaied  cniirdy  in  the  Ballistic  Research  Labofatory 
(BRL)  30-mm  RLPG  fixture  by  irucrtfng  a  idiber  hose  in  the  combustion  chamber  (Boyer  1992). 
However,  the  reason  this  device  works  is  not  understood;  and  the  iropkmcniatkm  and  usefulness  of  such 
a  device  m  larger,  higher  perfoitaaiice  guru  such  as  the  12()-fom  tank  gun  orthe  lSS-imn  howitzer  remain 
tobeprovea 

Whether  cotlercm  or  tnemhetern.  pressure  fluctuations  will  be  efiminatod  if  the  volume  of  unreacted 
propellant  present  in  the  combustion  dtamber  at  any  instant  is  reduced  sufficiently.  Realistic  two-phase 
flow  morteling  of  gun  combustion  processes  would  suggest  approaches  to  adtieving  this  goal  However, 
experimental  dau  conceitUng  the  dispersion  paitcnts  of  liquid  in  the  chamber  and  actual  volumetric 
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combustion  rates  are  required  to  validate  such  models.  Experimental  visualization  of  spray  combustion 
has  proven  usciul  in  obtaining  such  infonnation  for  a  variety  of  applications,  and  several  studies  related 
to  RLPGs  have  been  reported.  Baier  (1986)  attempted  to  visualize  spray  dynamics  and  combustion  in  an 
actual  gun  fixture,  but  the  phenomena  of  interest  were  largely  obscured  by  excess  luminosity  and  the 
optically  thick  combustion  products.  To  overcome  the  obstacles  to  visualizing  sprays  in  a  gun,  early 
laboratory  scale  experiments  with  liquid  grm  propellant  (LGP)  sprays  in  windowed  test  chambers  were 
conducted  by  Birk  (Bitk  and  Reeves  1987)  and  later  by  Lee  (Lee  et  al.  1990).  In  both  efforts,  LGP1846 
was  injected  at  velocities  of  SO  to  100  m/s  ituo  a  post-combustion  environment  of  argon/hydrogen/oxygen 
(Birk  and  Reeves  1987)  or  nitrogenAnetharK/air  (Lee  et  al.  1990).  Both  groups  also  used  high-speed 
cinematography  in  the  range  of  1,000  to  S,000  frames/s  with  backlighting  (shadowgraphy)  to  record 
events.  The  ambiem  gas  temperature  achieved  in  these  experiments  was  close  to  the  flame  temperature 
of  the  LGP.  However,  observatiom  were  limited  to  pressures  le^  than  9  MPa  because  at  higt^  pressures 
radiation  from  the  ambient  gas  obscured  spray  details.  Also,  fogging  of  the  windows  by  the  presence  of 
water  vapor  and  the  cotUing  of  Ute  ambteot  gas  by  heal  losses  to  the  walls  limited  test  duraUons  to  a  few 
tens  of  milliseconds. 

The  photc^ntphic  data  of  Bilk  (Birk  and  Reeves  1987)  prompted  Lee  (Lee  et  al.  1988)  to  model  the 
LGP  sprays  using  the  locally  homogeneous  flow  (LHF)  approximation  of  multif^tase  flow  theory.  Later. 
Lee  and  Facth  (Lee  and  Facth  1992)  concluded  from  their  own  expeiiments  that  separated  flow 
considerations  for  LQF  sprays  must  be  taken  into  account  Although  die  theories  yielded  spray  penetration 
distances  in  reasonable  agtecmciu  with  Uic  expciimcnts,  the  assumptions  and  choice  empirical  utnsiams 
usrxl  arc  suspect.  Also,  neither  the  experimental  resuHs  nor  the  ilNxuics  provide  insi^  with  respea  to 
the  pntmre  fluctuations  otecivcd  in  aoual  gun  fixtures. 

This  report  summarizes  expetimems  conducted  at  the  DRL  Spray  Research  l^Uty  to  vismdizc  jet 
tKcakup,  atomization,  and  combustion  of  LGP  sprays  at  pressures  significamly  above  those  studied 
previously.  Obscuration  of  spray  details  due  to  radiation  from  the  ambictu  gas  was  avoided  by  initialing 
spray  rc^viiy  (Ic..  evaporation,  ignition,  and  combustion)  in  33-MPa  SOGP  C  dear  nitrogen.  In  addition, 
the  LGPs  wore  seeded  with  lithium  and/or  sodium  nitrate  to  enhance  flame  visibUUy.  To  avoid  problems 
tnherem  in  using  shadowgraphic  techniques,  and  to  provide  better  distinction  between  flame  and  unreacted 
ttquidpaitic]cs,acx)ppcrvaporlasersirobe  was  used  to  slice  the  spray  at  90^  to  flic  camera.  Ttusallowcd 
true  color  high-^tced  cinematography  to  be  used  for  visualization,  and  facilitated  innovative  color  image 
analysis  lor  spatially  mapping  spray  rcachvtty.  Combusting  sprays  of  LGPl  S4S.  aquirous  solutions  of  Us 
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subcomponents  HAN  and  THAN,  and  a  newly  fomulated  HAN-based  propellant  (LGP1898)  which  has 
DEHAN  instead  of  TEAN  as  the  fuel  component  (Klein  et  al.  1991)  were  investigated.  Purely  evaporating 
sprays  of  nitromethane  and  ethanol  at  temperatures  and  pressures  above  their  critical  points  were  also 
studied.  ITie  results  of  the  experiments  with  the  highly  reactive  LGP1898  were  the  first  to  detail  its 
combustion  in  a  spray,  and  they  have  motivated  further  testing  of  the  propellant  in  actual  gun  fixtures.  The 
experimental  results  are  analyzed  and  discussed  with  respect  to  the  aerodynamic  theory  of  jet  breakup.  The 
implications  of  the  results  for  modeling  RLPG  phenomena  are  also  discussed. 

2.  EXPERIMENTAL  SETUP 

The  experimental  setup  is  shown  schematically  and  pictorially  in  Figures  lA  and  IB,  respectively. 
Propellant  is  injected  upward  into  hot  nitrogen  delivered  to  the  test  chamber  from  a  high-pressure  gas 
reservoir  via  a  particle  bed  heater  (PBH).  The  injector  is  a  patented  design  based  on  a  regenerative 
concept  (Bilk  and  Bliesener  1991).  injector  piston  motion  is  monitored  by  a  Wolff  Hall-effect  magnetic 
sensor,  and  by  a  photo-intenupter  device  (Birk  and  Reeves  1987)  from  which  the  injection  velocity  can 
be  determined.  The  PBH  (Birk  and  Reeves  1988)  is  a  pressure  vessel  which  contains  1,(XX)  cm^  of 
800-pm  alumina  particles.  The  particles  fill  the  annular  void  between  two  porous  cylindrical  frits.  Prior 
to  a  test,  the  particles  are  heated  electrically  to  about  850°  C.  Gas  is  heated  as  it  passes  radially  inward 
through  the  bed.  The  test  chamber  is  cylindrical  with  a  7S-mm  inside  diameter  and  a  total  volume  of 
1,050  cm^.  It  has  four  opposing  25-mm-thick  rectangular  sapphire  windows  with  97-mm  x  32-mra 
apertures.  Chamber  pressure  is  measured  with  a  pressure  transducer  (P)  (Kistler,  Model  607C).  The 
pressure  regulator  (PR)  upstream  of  the  PBH  maintains  a  (preset)  minimum  pressure  in  the  test  chamber. 
System  valving  is  controlled  electropneumatically.  The  temperature  at  the  center  of  the  chamber  is 
measured  with  a  0.05-mm  chromel/alumel  thermocouple  (TC).  Access  and  support  for  the  tltermocouplcs 
are  provided  by  chromel  and  alumel  electrodes  fed  through  fittings  on  opposite  sides  of  the  chamber. 

Fur  the  experiments  reported  here  the  injector  was  loaded  with  35  cm^  of  propeUanL  Among  the 
ptopellarts  studied  were  LGP1845,  LGP1898,  aqueous  solutions  of  HAN  and  TEAN,  and  nitromethane. 
Experiments  with  ethanol  and  pure  water  were  also  conducted.  A  small  amount  of  water  (0.5  to  0.7  cm^ 
was  loaded  between  the  propellant  and  the  injection  orifice  to  prevent  the  propellant  from  being  ignited 
prior  to  injection  by  heat  transfer  from  the  ambient  I'Ai.  (Thus,  the  injection  of  the  buffer  water  preened 
the  actual  propellant  irtjectlon.)  To  flush  the  system  after  the  propellant  was  injected,  47  cm^  of  water 
was  also  loaded  "behind"  the  propellant.  The  two  (water)  buffer  zones  in  the  injector  were  isolated  from 
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the  propellant  by  traveling  seals.  In  most  tests,  the  propellants  were  seeded  with  approximately  0.5  cm^ 
of  a  saturated  nitrate  salt  solution  to  produce  flame  enhancement  and  spectroscopic  markers.  Aqueous 
Sr(N03)2,  Ba(N03)2,  LiN03,  and  NaN03  solutions  were  tested  for  these  purposes.  Each  is  fully  miscible 
with  the  HAN-based  propellants  and  it  was  considered  that  their  impact  on  propellant  chemistry  and 
combustion  would  be  minimal. 

The  propellants  were  typically  injected  into  500^  C  33-MPa  nitrogen.  These  were  the  highest 
temperature  and  pressure  conditions  that  could  be  reliably  sustained.  The  upper  limit  for  pressure  was  the 
threshold  above  which  the  s^phire  windows,  tliough  rated  for  65-MPa  service,  were  prone  to  fail.  The 
temperarore  in  the  chamber  was  limited  by  the  temperature  to  which  the  particle  bed  could  be  heated  and 
heat  losses.  For  safety  purposes,  and  also  for  stabilizing  the  temperature  in  the  test  chamber,  the  chamber 
gas  was  continually  exhausted  via  a  1-mm  orifice  (far)  downstream  of  the  chamber.  This  resulted  in 
motion  of  the  ambient  gas  in  the  chamber  from  the  top  to  bottom  at  approximately  6-cm/s — a  value  much 
lower  than  the  velocities  characterizing  the  spray’s  dynamics.  Thus,  it  is  not  a  factor  in  the  evaluation 
of  die  experimental  observatitms. 

In  an  attempt  to  achieve  complete  burning  of  propellant  sprays  within  the  Held  of  view,  and  to  provide 
maximum  test  duration,  propellants  were  typically  ii(jccted  through  a  small  (0,S>mro*diameter)  circular 
orifice  Tests  utilizing  1.0-mm  and  2.0>mm*diameter  orifices  were  also  conducted.  AU  litjector  nozzles 
had  cylindrical  exit  channels  with  rounded  inlets  and  a  length  to  diameter  ratio  (i/do)  to  4.  A  stem 
valve  incorporated  into  the  injeaor  design  sealed  the  orifice  piior  to  injection.  Ihc  stum  valve  prevented 
splashing  and.  together  with  the  bufTer  water,  provenred  hot  chamber  gases  from  entering  the  ii^jecior  and 
prematurely  igniting  the  propellant 

For  visualization,  both  a  color  video  camcorder  ((^sar,  Model  VM-21)  and  a  hi^>sp^  framing 
camera  (PtxHonic  Systems,  Photcc  IV)  were  used.  A  10-W  cqjpcr  vapor  laser  (Oxford  Lasers,  Model 
CUIO)  served  as  a  strobe.  CThc  copper  vapor  laser  radiates  at  510.6  iim  (green)  and  378.2  nm  (ycUow) 
with  the  $!0.6-nm  line  approximately  twice  as  intense  as  the  S78.2>nm  line.)  The  laser  pulses,  which  have 
a  duration  of  25  ns,  were  synchronized  to  the  framing  rats  of  the  high-speed  camera.  The  framing  rate 
was  typically  set  to  eidier  2,000  or  5,000  fraines/s.  The  camcorder,  wnich  runs  at  60  frames/s  (only),  was 
opcrattxl  In  its  high-speed  dtuuer  mode  (!  -ms  exposure).  The  laser's  2S'inni-diair.cter  beam  was  optically 
steeml  by  a  mirror  (M).  cylindrical  lens  (LI),  and  a  concave  lens  (L2)  to  provide  a  3-mm-thick  planar 
tight  sheet  ihct  sliced  the  chamber  volume  symmetrically  along  the  cylinder  axis  and  at  90^  to  the  cameras. 
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In  some  tests,  an  EG&G  strobe  employing  a  xenon  flash  tube  was  used  to  backlight  the  jet  through  a 
diffuser.  The  flashes  from  this  strobe  were  also  triggered  by  the  high-speed  camera. 

Spectroscopic  measurements  were  made  with  an  optical  multichannel  analyzer  (Princeton  Instruments, 
Model  ST- 1  OCX))  coupled  to  a  monochromator  (ISA  Instruments,  Model  HR-20).  A  1-ra-long  quartz  fiber 
optic  (FG)  was  used  for  light  collection.  Measurements  were  limited  to  recording  emission  ^ctra  of  the 
comjusdon  process.  The  spectra  were  collected  from  a  region  subtending  a  25-mm  circle  of  the  spray 
approximately  SO-mm  downstream  of  the  injector— the  region  of  highest  flame  intensity.  Scan  rate 
(integration)  cycles  of  4  or  S  ms  were  used.  A  ISO-groove/mm  grating  was  used  to  observe  spectral 
ranges  of  approximately  SOO  nm.  A  600-groove/mm  grating,  resulting  in  a  125-nm  spectral  range,  was 
used  to  obtain  better  wavelength  resolution  of  fetuures  identified  in  the  S(X)-nm  scans. 

3.  IMAGE  DlOrnZ/  'TON  AND  PROCESSING 

Image  analysis  technioucs  wcie  ap{died  to  better  interpret  the  cinematic  data.  This  necessitated 
digitizing  the  cir,ematic  records.  Digitization  was  accomnlisl,ed  by  projecting  the  photographic  images 
onto  a  screen  and  recording  the  projection  to  a  Super- VHS  formatted  tape  via  a  professional  video  earner: 
(JVC.  Model  HZ-81 1)  and  a  digital  VCR  (Panat^onic  Model  AG-1830).  The  white  balance  feature  of  the 
video  camera  was  used  to  correct  the  color  bias  of  the  orcjected  image  caused  by  the  deviation  of  the 
projector  lamp  from  "iiuc  white."  ("Tnic  white"  is  defined  as  I(R)=I(0>=I(B),  where  I(R),  1(G),  and  1(B) 
arc  the  intensity  v^ucs  of  titc  NTSC  "red,"  "green,"  and  "oluc "  respectively.)  The  video  tape  records 
were  digitized  with  PC-AT-based  frame  grabbers  to  obtain  8-bit  monochrome  (Truevision,  TAROA  M8) 
or  24-bii  color  (Truevision.  ATVISTA)  haages.  A  PC-based  software  package  (Jandel  Scientific,  JAVA) 
was  used  for  monochrome  imago  analysis.  The  color  imagn  ides  were  ported  via  a  local  area  network 
(Ethernet)  to  a  Silicon  Graphics  Peistmal  Iris  4D20G  woiksuuvu  for  analysis.  Color  image  analysis  was 
performed  wit!)  a  UNlX-basoi  software  package  (G.  W.  Har'^away  and  Associates,  WHIP)  which  was 
further  developed  in-house  for  the  specific,  needs  of  this  <4udy. 

4.  TESTMATTUX 

This  iqxm  is  based  on  the  results  of  33  major  t^.  A  summary  of  imporumt  experimental  parameters 
and  ilie  diagnostic  teclmiques  em{doyed  for  each  test  is  giv«u)  in  Table  1.  The  rationale  for  choosing 
various  tes*  parameten;  ?nd  diagnostic  probes  is  as  ft^ws. 
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Table  1.  Test  Matrix  of  Experimental  Parameters  and  Diagnostic  Techniques 


Test* 

Propellant 

Inj-Vel. 

(m/s) 

Imaging'’ 

Emiss3pec. 

Comments®’®^ 

1 

LGP  1845 

100 

V 

.. 

28  MPa,  480®  C,  EG&G 

2 

LGP  1845 

100 

V 

seeded  w/  Sr(N03)2, 28  MPa, 
480°  C,  EG&G 

3 

LGP  1845 

100-200* 

V 

— 

28  MPa,  480P  C,  EG&G 

4 

LGP  1845 

110 

V 

~ 

480°  C,  EG&G,  1  mm 

5 

LGP  1845 

100 

V 

~ 

48(f  C,  EG&G.  2  mm 

6 

LGP  1845 

no 

V 

- 

383  MPa 

7 

LGP  1845 

no 

. 

250  -  750  nm 

8 

LGP  1845 

no 

V 

220  -  345  nm 

9 

LGP  1845 

no 

V 

300  -  425  nm 

10 

LGP  1845 

no 

V 

425  -  550  nm 

seeded  w/Sr(N03)2 

11 

LGP  1845 

no 

V 

540  -  660  nm 

seeded  w/  Ba(N03)2 

12 

LGP  1845 

no 

vjisc 

660  -  780  nm 

seeded  w/  LiN03,  27.6  MPa, 
HcNe  test 

13,14 

LGP  1845 

no 

vjisc 

270  -  770  nm 

seeded  w/  LiN03 

15 

LGP  1845 

no 

vjisc 

no  signal 

seeded  w/  LiN03,  cvl 

16 

LGP  1845 

no 

vjisc 

270  -  380  nm 

seeded  w/  LiN03,  cvl 

17 

LGP  1845 

240 

v4»sc 

- 

seeded  w/  LiN03,  cvl 

18 

LGP  1898 

no 

vdisc 

270  -  380  nm 

seeded  w/  LiN03,  cvl 

19 

LGP  1898 

no 

vjisc 

“ 

seeded  w/  LiNO^,  cvl 

20 

LGP  1898 

no 

vjtsc 

270  -  770  nm 

seeded  w/  LiNOj 

21 

LOP  1898 

240 

vjhsc 

•• 

seeded  w/  LiN03,  cvl 
ignition  in  iitjector 

22 

64%  HAN* 

no 

vdisc 

no  signal 

cvl 

23 

64%  HAN* 

no 

vjhsc 

no  signal 

seeded  w/  LiN03,  cvl 

24 

80%TCAN^ 

no 

vjtsc 

seeded  w/  LiNOj,  cvl 

25 

HjO 

125 

hsc 

cvl,  400P  C 

26 

HjO 

95-1 10» 

v,hsc 

cvl,  530P  C,  31  MPa,  1  nun 

27 

HjO 

100-180* 

hsc 

•• 

20^  C,  Tungsten  lamp, 
shaitowgraphy,  28  MPa,  33 1 

28 

LOP  1845 

130 

v,hsc 

•• 

seeded  w/  UNO3,  cvl 

34  MPa,  1  mm 

29 

LOP  1845 

150 

vdisc 

•• 

seeded  w/  UNOi  NaN03 
cvl,  37  MPa,  1  mm 

3031 

Ethanol 

150 

v^isc 

— 

cvl.  480^  C.  28  MPa.  1  mm 

32 

Nitromethane 

122 

vjisc 

— 

cvl,  480P  C.  28  MPa 

33 

Niiromethanc/ 
LOP  184$ 

141 

vjisc 

•• 

seeded  w/  NaNOj,  cvl 

480^  C.  33  MPa 

*  Nominal  ambient  conditions:  5fXf*  C.  33  MPa 

^  V  •  video  canxmrdef.  hsc  -  high  speed  cinematography 
cvl  •  copper  vapor  laser  tUuminaiion 
Balance  HjO 

"  Unless  specifled.  injection  orifice  had  a  OS-tm  diameter 
^  EOAO  •  xenon  strobe 

*  Iqjecticm  velocity  accelerated  during  te^ 
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Of  the  various  Group  lA  and  Group  IIA  nitrate  salts  tested  for  use  as  flame  enhancers,  lithium  nitrate 
proved  to  be  the  most  useful.  (This  becomes  even  more  evident  when  image  analysis  is  considered.)  The 
(Group  HA)  nitrates  of  barium  and  strontium  were  investigated  for  use  in  temperature  mapping  (Tests  #2, 
#10,  and  #11).  When  electronic  transitions  from  the  metal  atom  states  of  interest  were  not  observed 
spectroscopically,  testing  with  these  salts  was  discontinued.  In  Test  #12,  a  3-mW  He-Ne  laser  beam  was 
passed  through  the  top  portion  of  the  windows  and  its  cross-sectional  profile  recorded  photographically. 
This  provided  information  regarding  beam  transmission  losses  and  profile  broadening  due  to  scattering 
from  liquid  droplets,  opaque  decomposition  gases,  and  index  of  refraction  variations  in  the  chamber.  The 
weight  percent  of  HAN  in  the  solutions  injected  in  Tests  #22  and  #23  was  chosen  to  be  the  same  as  the 
weight  percent  of  HAN  in  LGP1845.  The  weight  percent  of  TEAN  in  the  solution  injected  in  Test  #24 
was  chosen  to  be  the  same  as  the  total  weight  percent  of  reactive  components  in  LGP1845.  Only  one 
experimem  involving  pure  TEAN  was  conducted  because  the  chamber  interior  was  severely  contaminated 
by  tar-like  decomposition  products  created  during  the  test.  Experiments  with  water  (Tests  #25,  #26  and 
#27)  were  conducted  for  general  comparison  with  the  propellant  sprays  and  to  characterize  image 
degradation  due  to  water  vapor  condensation.  Ethanol  and  nitromethane  tests  were  conducted  to  obtain 
observations  of  supercritically  evaporating  sprays  (Tests  #30.  #31.  and  #32).  The  nitromethane  would  not 
autoignite  at  the  ambient  conditions  employed.  Therefore,  an  immiscible.  SO/50  mixture  of  nitromethane 
and  LGP184S  was  iqjected  (Test  #33)  to  provide  an  ignition  source  (combusting  LGP184S)  for  the 
nitromethane, 

5.  TEMPERATURE  AND  PRESSURE  PROFILES 

A  representative  sam(dc  of  chamber  pressures  and  temperatures  vs.  time  for  HAN-based  propellant 
tests  is  shovm  in  Figure  2.  The  chamber  pressure  shown  is  an  average  from  three  LOP1845  tests.  The 
chamber  temperature  shown  is  also  an  average  of  these  three  tests.  Chamber  temperature  reached  its 
maximum  early  in  the  pressurization  process  attd  remained  stable  thereafter.  Calibration  tests  with  a 
0.12S-mm  thcimocouple  established  that  the  re^xinse  time  of  the  0.05-mm  thermocouple  used  during  the 
spray  tests  was  less  than  5  ms.  Ttw  lemporaiure  in  the  chamber  was  determined  to  be  uniform  from 
previous  calibration  tests  in  which  the  temperature  at  two  differem  locations  was  measured  simultaneously 
(Bilk  and  Reeves  1988). 

Injcctitm  took  place  ^xmt  1  second  alter  chamber  pressurization.  The  post-iiijection  temperature  traces 
are  distinctly  diffenem  for  each  of  the  four  cases.  Parameters  of  interest  in  these  traces  are  the  post- 
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Figure  2.  Chamber  Pressure  and  Temperatures  vs.  Time  for  HAN-Based  Propellants. 


ii\jedion  minimum  temperature  and  the  subsequent  rate  of  temperature  rise.  Ttw  minimum  temperatures 
reflect  the  influence  of  the  propellant’s  reactivity  and  its  thermal  properties.  The  quality  of  phase  mixing 
during  the  earty  ir\jection  period  is  also  reflected  in  the  observed  minimum  temperatures.  The  post- 
injection  temperature  measured  in  the  HAN  test  is  well  above  the  temperature  at  which  HAN  starts  to 
decompose.  (This  is  an  Important  le^t  which  is  moi^  fully  discussed  below.)  Hie  post-injection 
temperature  measured  in  the  TEAN  test  is  telruively  low,  indicating  that  THAN  provided  a  greater  heat 
sink  to  the  chamber  gas  than  the  HAN  solutions.  Hie  rate  of  temperature  rise  is  a  direct  reflection  of  the 
reactivity  of  the  given  propellant  and  also  provides  an  indication  of  flame  propagation  upstream  and 
inward  on  the  spray.  The  po»  ir\jection  temperature  profiles  of  the  flameless  HAN  and  TEAN  sprays  are 
flat  This  is  consistem  with  the  expectation  that  both  HAN  and  TEAN.  used  as  monopropcliants,  release 
only  a  small  fraction  of  the  energy  produced  by  LOP1845  combustion.  The  tempeianue  records  of  the 
LGP184S  vs.  that  of  the  LOP1898  s^ys  clearly  reveal  the  greater  reactivity  of  the  LGP1898  spray. 

Figure  3  diows  lepresentativo  chamber  pressure  vs.  lime  for  experimerus  utilizing  1-mm  and  2-mm- 
iiaiueier  oritioes.  The  injection  velocities  associated  with  these  traces  are  similar  to  those  generated  in 
tests  with  the  0.5-mm-diameter  (uifloe;  thus,  the  mass  flow  rate  is  proportional  to  do^.  The  sharper 
pressure  dn^  at  iqjectitm  start  for  the  larger  diameter  oiiflces  is  due  to  the  greater  cooling  induced  by  the 
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Figure  3.  Chamber  Pressures  for  Three  Different  Jet  Sizes. 


higher  mass  flow  rate.  Once  ignited,  however,  the  higher  mass  flow  rates  lead  to  higher  pressure 
excursions.  Thermocouple  data  for  the  large  Jets  (analogous  to  that  shown  in  Figure  2)  is  not  {Hcscntcd 
because  it  is  not  considered  reliable. 

6.  SPECTROSCOPIC  RESULTS 

Emission  spectra  recorded  during  an  unsceded  UIP 1S45  test  (Test  #7)  are  shown  in  Figure  4.  Only 
OH  A-X  emission  at  310  nm  and  Na  3s^-3p^  <D*line)  emission  at  589  nm  are  identiflable,  (Sodium 
is  a  propellant  amtaminanL)  These  transitions  were  also  observed  in  LOP1898  tests.  Line  broadening 
of  the  Na  I>lino  is  pronounced.  The  scan*to*scan  variation  in  OH  A-X  emission  intensity  is  attributaUe 
to  background  level  variations.  A  broad  band  of  emission  in  the  range  of  350^50  ran  is  apparent,  but 
carriers  for  the  si^ture  could  not  be  idetuifled.  Emission  features  were  not  detected  in  the  HAN  or 
TEAN  tests.  NO2  fluorescence,  which  could  have  been  induced  via  excitation  by  the  cof^  vapor  laser, 
was  not  detected  in  any  test 
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Figure  4.  Emission  Spectra  of  Unseeded  LGP1S45. 

In  addition  to  the  Na  3s^-3p^P  transitions  observed  in  all  experiments,  Li  2s^‘2p^P  transitions  were 
recorded  in  experiments  seeded  with  LiN03.  It  was  hoped  that  seeding  the  propellants  with  Sr(N03)2  or 
Ba(N03)2  would  produce  m  excited  state  population  distribution  of  the  metal  atoms  which  could  be 
determined  from  its  visible  emission  spectra.  Coupled  with  color  image  analysis,  this  might  have 
permitted  mandng  of  flame  temperatures.  However,  transitions  from  the  Sr  and  Ba  excited  states  of 
interest  were  not  observed. 

The  mechanisms  leading  to  the  electronic  excitation  of  lithium  and  sodium  are  not  known.  It  seems 
likely  thou^  that  a  chemiluminescent  reaction  between  M-0  (M  «=  Na  or  Li)  and  a  combustion 
intermediate  such  as  N2O  is  involved.  Such  a  mechanism  would  be  analogous  to  reaction  of  Na-0  with 
various  oxidants  to  produce  the  mesospheric  Na  nightglow  (Kolb  et  al.  1991).  Regardless  of  the 
excitation  mechanism,  the  energy  splitting  in  the  upper  state  in  the  Na  and  U  transitions  is  insuHicieitt 
for  calculating  flame  tcmperatuic.  However,  the  dominance  of  these  transitions  in  the  Mmts^inn  spectra 
is  useful  in  image  processing,  as  will  be  discussed  below. 

An  interesting  result  of  the  spcdroscr^c  measurements  is  the  neatly  equal  intensities  of  Na*  and  Li* 
measured  in  Test  #20.  (See  Figure  S.)  In  this  test,  the  proptUant  was  seeded  with  LiNOj  only,  making 
the  number  cf  lithium  atoins  at  least  300  times  grufcr  than  the  number  of  sodium  atoms.  Also.theline 
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Figure  5,  Emission  Spectra  of  LGP1898  Seeded  with  L1NQ3. 


strength  of  the  Li  2s^-2p^P  transition  is  sli^tly  stronger  than  the  Na  3s^S-3p^P  transition  and  lower 
eneigy  is  needed  for  Li*  excitation.  Based  on  these  considerations,  it  was  expected  that  the  intensity  of 
the  Li*  transition  would  be  much  greater  than  tite  Na*  transition.  One  possible  explanation  for  this  result 
is  that  the  decomposition  temperature  of  NaN03  (280°  Q  is  significantly  lower  than  that  of  LiN03 
((100°  C).  This  possibility  and  its  potential  for  temperature  mapping  will  be  more  hilly  explored  in  the 
future. 

7.  PHOTOGRAPHIC  OBSERVATIONS  AND  ANALYSIS 

7.1  GENERAL  OBSERVATIONS 

The  video  and  the  high-speed  cinomatogniphy  provide  visual  retrotds  with  distinctly  different  time 
scales  and  exposure  requirements.  The  video  pictures  are  a  collection  of  l-ms  exposure  *'snap!dK)ts”  every 
1/60  of  a  second.  As  such  they  do  not  detail  the  dynamics  of  the  ^ys.  However,  the  relatively  low 
exposure  requirements  of  the  vidm  CCD  clement  factilltate  the  capture  of  '’global*'  features  created  by 
sidell^ng  the  spray  with  an  EO&O  xenon  ^robe  light  (This  strobe  is  not  sufTicienily  itiiensc  for  use 
in  sidelit  high-speed  cinematography.)  Because  a  video  frame  conesponds  to  the  integration  of  spray 
vaiiationx  over  1  ms,  the  penetration  distances  and  divergence  angles  of  the  ^ys  are  well  defmed.  (See 
Figures  6, 7.  and  8.)  The  unteacted  portion  of  Uie  spray  appears  distinctly  (due  corresponding  to  the  ridi 
blue  wavelength  content  of  radiation  from  the  xenon  lamp.  Gotticai  qpray  outlines  whidi  have  vertices 
conc^xMiding  to  the  injection  p(»t  are  observed  in  the  video  pictures.  This  is  clear  evkience  thtt 
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all  tests  were  within  the  atomization  regime.  Flame  is  observable  in  these  images  by  its  bright  orange  to 
red  color. 


71ie  cinematic  records  reveal  the  actual  spray  dynamics  occurring  in  iltesc  exjrorinrcnts.  Sidelightitig 
with  il’iC  coj)pcr  vajxrr  laser  strol)c  and  seeding  the  pn)|)ellants  with  nitrate  salts  provided  breakthrouglvs 
in  high  speed  imaging  of  the  sprays.  Sidclit  photography  produced  more  infonnative  images  tlran  (the 
commonly  used)  backlit  photognphy.  Imaging  of  scattered  light  is  less  .sensitive  to  the  indc.s  of  refraction 
variations  prevalent  in  high  pressure  gas  ilum  imaging  shadows  produced  by  backlighting.  Liquid 
lx)undarics  ap()car  clearly  against  ilic  black  background  when  sidclighiing  was  u,scd.  Sceditrg  tire 
pro{)elhurLs  with  nitrate  salts  created  sufficient  additioiral  armbusiiorr  lujrritrosity  for  flanrc  to  Ire  recorded 
at  tire  Iriglr  franriirg  rates  irea'S.sary  to  capture  tire  spray  dynanrics. 

Tire  cinematic  records  reveal  an  iircrcitsc  in  turbulcrrcc  as  the  injcctiotr  prtK'ccdcd.  Flanrc  spreading 
upstream  oir  the  spray  is  coirrnren.suralc  with  the  itrerease  iir  turbulcrrcc.  hr  all  coirrlrusiirrg  sprays  Irumirrg 
was  mo,si  imcrr.se  iir  vortices  adjaccrri  to  the  .spray  crrvclojrcs.  lire  slow  accunrulation  of  o|xiquc  gases  irr 
the  chanrlxrr  irrdicates  drat  LGP1845  did  irot  burn  with  optimum  cfficcttcy.  lire  Uc-Nc  te.si  (ttl2)  .slrown 
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in  Figure  9  demonstrated  that  the  index  of  refraction  variation  due  to  thermal  fluctuations  in  the  dense 
ambient  gas,  though  present,  did  not  significantly  distort  light  transmission.  Based  on  this  test,  we 
estimate  that  submillimeter  size  particles  can  be  measured  from  the  cinematic  records  with  reasonable 
accuracy.  Indeed,  surprisingly  large  drops  on  the  order  of  1  mm  in  diameter  are  observed  in  the  records. 
This  result  indicates  that  coalescence  of  droplets  was  a  significant  process  in  these  tests. 

Another  observation  from  Test  #29  was  that,  when  passed  through  the  spray  near  its  tip,  the  He-Ne 
beam  diffused  due  to  diffraction  flom  the  drops.  Based  on  this  result,  future  consideration  will  be  given 
to  image  analysis  of  laser  beam  diffraction  paoems  recorded  on  the  high-^reed  Aim.  A  commercially 
available  instrument  (Malvern)  measures  particle  size  distribution  in  sprays  by  passing  a  laser  beam 
through  the  ^ray  and  detecting  diffraction  patterns  projected  by  a  lens  onto  a  solid-state  ting  detector. 
The  use  of  film  in  lieu  of  a  ring  detector  would  allow  compensation  for  beam  steering,  in  addition,  the 
use  of  a  multiple  line  laser,  creating  a  corresponding  number  of  diffraction  patterns  which  could  be 
separated  via  color  image  analysis,  could  provide  more  accurate  particle  sizing  than  obtainable  using  a 
monochromatic  source. 

7.2  COMPARATIVE  SPRAY  DYNAMICS 

7.2.1  COMBUSTION  INTENSITY  vs.  ORIFICE  DIAMETER 

Figures  6  and  7  rt^irescnt  the  two  extremes  of  orifice  diameters  utilized  in  the  combustion  expeiimems. 
llicsc  tests  correspond  to  injections  Uuough  O.S>mm  and  2.0-mm*diameier  oriflees,  rc^cUvely.  The 
flame  anchored  about  20  mm  from  the  injector  nozzle  in  the  test  with  the  OJ-mm-diametcr  mifice. 
Quasisieady  combustion,  defined  as  the  time  when  flame  reached  this  distance  from  the  noz;de,  lasted  up 
to  0.3  seconds  in  the  injcctioits  through  the  O-S-mm  orifl(%.  Large  (ca.  1  mm)  liquid  panicles  were 
observed  burning  about  the  qvay  envelope.  Deqt>Ue  the  rather  long  exposure  time  (1  msec),  the  panidc 
boundaries  appear  distinctly  sharp,  indicating  very  low  local  velocities.  In  contrast,  the  streaking 
associated  with  panicle  trajectories  in  Hgute  7  indicate  high  local  vclociUcs  and  turbulence  in  the  test  with 
the  2.0-fQm-diamctcr  orifice.  This  is  due  to  the  higher  mass  flow  rate.  Combustion  lasted  for  less  than 
50  ms  (two  to  Uucc  video  frames)  in  this  test  The  thermocouple  in  the  middle  of  the  chambet  is 
discemibly  bent,  indicating  that  the  iniau  liquid  core  is  ’’npinging  on  it. 
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7.2.:  HAN  VS.  l.(ilMX4.S  Sl‘RAV  UYNA.MICS 

I'igurc  8  compares  HAN  ami  l.c;PlS43  sprays  gemraJed  wish  similar  e.vfvrimcnial  parKuncsers,  Of 
imea'st  is  Uie  distance  from  the  injector  to  Uic  poiiu  wiverv  the  spray  is  totally  converted  to  gaseous 
{miducus.  {nUs  i.s  defined  as  tlic  f.Knctr3tion  distance.)  lire  simitariiy  of  tltc  jvnciration  distaticcs 
measured  for  tltc.se  two  sprays  su{i(Xirts  ilw  a.sscttion  Uiat  the  H.-XN  dccomjxisitiott  i.s  tltC  rate  littiiiittg  step 
in  LGPIS45  s{>ray  combu.stimi  ((’aricton.  1990).  Iltc  yellow  coloration  of  die  tip  of  die  HAN  sjway  i,s 
(>rot)aWy  due  to  die  578.3  ntn  line  of  die  co|ijxrr  vapor  la.scr.  Hie  510.6  ntn  line  may  be  abssirtied 
prcfcrenUally  by  NO^.  a  HAN  decomposition  jxoducl. 

7.2  .)  HAN  Vr  It'AN  SI*nAY  DYNAMICS 

Hie  dynamics  of  die  fiAN  and  TEAN  .spriy.s.  shown  m  Ingurcs  10  and  1 1.  an:  much  alike  Hie 
similar  jtcnGiradon  distances  ob.ser>'cd  for  tlicsc  two  sprays  indicates  that  die  time  .scale  for  HiAN 
dccomi)o.siuon  i.s  die  .same  as  that  of  die  HAN  under  the  given  test  conditions.  Obscuration  of  die  sjway 
details  due  U)  ojiaque  dccomjxisition  iwoducLs  iirocceded  .vomewliat  faster  in  die  lEAN  cxjicrimciu.  In 
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both  sprays,  large  particles  are  observed  around  tlie  tip  vortex  region.  The  color  of  the  HAN  spray  is 
more  yellow  than  that  of  the  TEAN  spray  which  is  presumably  due  to  the  fact  that  they  have  different 
decomposition  products.  Emission  of  visible  light  due  to  decomposition  or  combustion  was  not  observed 
in  cither  spray.  The  lack  of  visible  emission  is  consistent  with  the  low  reactivity  and  heat  generation  in 
these  sprays  indicated  previously  via  the  thermocouple  measurements. 

7.2.4  LGP184S  VS.  LGP1898  SPRAY  DYNAMICS 

Figures  12  and  IS  compare  the  sidelit  spray  combustion  of  LGP1845  and  LGP1898  under  similar 
experimental  conditions.  Figure  14  shows  a  comparison  of  these  sprays  in  the  absence  of  external 
lighting.  The  newly  fonnulated  LGP1898  (Klein  et  al.  1991)  cleady  exhibited  more  reactivity  than 
LGP1845.  One  manifestation  of  the  increased  reactivity  is  the  extent  to  which  the  LGPl  898  spray  bulges 
compared  to  the  LGP1845  spray.  Also,  LGP1898  burned  to  completion  while  LGP1845  did  not.  Flame 
advanced  within  15  mni  cf  the  injector  in  the  case  of  LGP1898.  Large,  burning  liquid  particles  and 
burning  in  vortices  arc  evident  in  both  cases. 

To  quantitatively  establislt  the  intensity,  extent,  and  teniiX)ral  characteristics  of  combustion,  intensity 
histograms  of  conrccutivc  (monoduoroc)  images  produced  it.  the  absence  of  external  illumination  (Tests 
#13  and  #20)  were  constructed.  Intensity  histograms  of  tim  flames  depicted  in  Figure  14  are  shown  in 
Figures  IS  and  16.  Tlte  gray  levels  in  the  iiistogroms  correlate  with  flame  intensity  and  have  a  dynamic 
range  from  0  (total  darkness)  to  25S  (CCD  element  saturation).  The  number  of  pixels  per  gray  level  range 
is  proportional  to  the  projected  area  of  the  corrci^xmding  luminosity  level.  Such  histograms  provide  the 
potential  to  correlate  "combu.<:tion  noise"  with  pressure  fluctuations.  For  the  high  luminosity  values  (gray 
levels  above  200)  the  histograms  for  the  LGP1845  and  the  LGP1898  flames  are  comparable.  Since  the 
high  luminosity  values  am  (presumabiy)  associated  with  tlm  I^c,  burning  droplets,  the  histograms 
indicate  that  the  d' ramies  of  the  1jGP1898  and  LGP1845  sprays  arc  similar  with  respect  to  droplet 
formation  and  burning. 

7.2i  WATER  SPRAYS 

Cinematic  images  of  water  injected  Uuou^  a  1 -mm -diameter  odflcc  arc  shown  in  Figure  17.  The 
images  indicate  extensive  evaporation,  and  a  penetration  distance  which  (apparenUy)  did  not  extend  much 
beyond  the  window  length  (97  mm).  The  critical  poim  of  water  is  374^*  C  and  22.1  MPa.  Although  the 
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ambient  temperature  and  pressure  are  (moderately)  above  these  values,  the  formation  of  large  water  drops 
was  not  precluded.  Water  is  a  major  constituent  of  the  HAN-based  propellants  and  is  expected  to  control 
the  atomization  characteristics  and  heating  rates  of  the  spray  particles  in  some  measure.  Since  the  critical 
points  of  the  water-solvated  propellants  are  higher  than  water,  it  was  expected  and  indeed  observed  that 
these  propellant  sprays  exhibited  behavior  characteristic  of  subcritical  combustion.  That  is,  combustion 
progress  in  the  LGP  tests  depended  to  a  large  degree  on  liquid  particle  trajectories. 

7.2.6  SUPERCRinCALLY  EVAPORATING  SPRAYS 

Figures  18  and  19  show  selected  sequences  from  experiments  with  nitromethane  and  ethanol.  The 
critical  points  of  nitromethane  and  ethanol  are  315°  C,  6.3  MPa,  and  243°  C,  6.4  MPa,  respectively 
(Handbook  of  Physics  and  Qiemistry  1986).  These  are  well  below  the  ambient  gas  conditions.  No  large 
particles  could  be  discerned  in  the  cinematic  records  of  either  of  these  sprays.  Both  sprays  exhibited 
intermittent  segmentation  of  their  structure  as  well  as  corkscrewing  and  rapid  deviations  of  the  spray  axis 
about  the  nominal  centerline.  These  dynamics  are  much  different  than  those  of  the  subcritical  sprays. 
Also,  the  divergence  angles  and  penetration  distances  of  sprays  into  supercritical  ambient  conditions  are 
smaller  than  those  of  sprays  into  subcritical  conditions.  The  nitromethane,  though  a  monopropellant,  did 
not  ignite.  The  penetration  distance  for  nitromethane  injected  through  a  O.S-mm  orifice  was  found  to  be 
half  that  of  ethanol  injected  through  a  l.O-mm  orifice.  (See  Section  9,4.) 

7.2.7  SPRAY  COMBUSTION  OF  LOP1845/NITROMETHANE  SPRAYS 

Figure  20  shows  the  ii\jcction  of  a  50/50  LGP1845Aiitromcthanc  mixture  through  a  O.S-mm-diamcter 
orifice  (Test  #33).  Although  not  miscible,  some  "mixing"  occurred  during  ii\jcction  which  established 
concentration  gradients  of  the  propellants.  The  injected  mixture  started  as  pure  LGP1845  and  became 
progressively  richer  in  nitromethane.  Unlike  the  it\jection  of  pure  LGP1845  through  a  0.5-mm-diaractcr 
orifice,  this  mixture  burned  to  completion.  The  nitromethane,  which  did  not  autoignitc  (Test  #32),  was 
presumably  ignited  by  burning  LGP1845  particles.  Since  tlm  LOP1845  and  the  nitromethane  are 
immiscible,  this  spray  was  expected  to  exhibit  a  combination  of  both  supercritical  and  subcritical 
dynamics.  If  this  was  indeed  the  case,  the  large  panicles  observed  in  Figure  20  are  the  LOP1845 
component.  Because  the  flame  temperature  of  the  nitromethane  is  {d)Out  I  SXXf  C  higher  than  that  of  the 
LOP1845,  it  is  possible  that  the  local  ambiem  gas  temperature  around  the  LX3P1845  particles  was  much 
higher  than  in  pure  LOP1845  spray  experiments.  Nevertheless,  the  formation  of  large  LX1P184S  particles 
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is  observed  in  these  figures.  An  interesting  aspect  of  this  spray  is  the  intermittent  shedding  of  large 
segments  of  the  spray  fiom  its  tip.  (This  is  similar  to  the  pure  supercritical  evaporation  depicted  in 
Figures  18  and  19.)  The  segments  then  bum  in  a  large  vortex  beyond  the  spray  tip.  This  behavior  is 
distinctly  different  than  that  of  pure  LGP  sprays. 

7.2.8  HIGH  INJECTION  VELOCITY  SPRAYS 

In  tests  #17  and  #21,  the  propellants  were  injected  at  240  m/s  (Figure  21).  (Although  termed  "high 
velocity,"  240  m/s  is  less  than  20%  of  the  injection  velocities  typical  in  guns.)  The  LGP1845  decomposed 
completely  within  the  field  of  view,  but  burning  was  less  complete  than  in  the  lower  velocity  injection 
tests.  Commensurate  with  the  high  velocities,  more  frequent  shedding  of  vortices  from  the  boundaries  is 
observed.  The  high-velocity  test  with  the  LGP1898  was  catastrophic.  About  10  ms  after  the  onset  of 
injection,  the  injector  top  sheared  away  due  to  die  ignition  of  the  propellant  inside  the  injector.  Prior  to 
the  explosion,  the  jet  emerging  from  the  injection  orifice  thickened  significantly.  This  observation  may 
indicate  that  viscous  heating  ignited  the  prc^Uant  inside  the  injector.  Viscous  heating  has  been  suspected 
in  the  ignition  of  LGP1845  in  small  orifices  at  injection  velocities  above  240  m/s  (Messina  et  al.  1990). 
However,  these  earlier  findings  involved  flows  in  which  cavitation  was  likely.  Cavitation  should  not  have 
occuired  in  the  present  tests  due  to  the  design  of  the  injector.  Its  regenerative  principle  of  operation 
results  in  low  cavitation  numbers.  The  sensitivity  of  LGP1898  to  viscous  heating  is  unknown. 

8.  COLOR  IMAGE  PROCESSING  AND  ANALYSIS 

Color  image  processing  was  useful  for  enhancing  the  details  of  images  involving  laser  illumination. 
As  discussed  earlier,  the  spectroscopic  data  show  that  the  flame  of  combusting  lithium  nitrate-doped  LGPs 
1845  and  1898  can  be  considered  to  have  just  two  wavelength  components,  the  S89.0-nm  emission  line 
of  sodium  and  the  670.7-nm  emission  line  of  lithium.  The  copper  vapor  laser  radiates  at  S10.6  nm  and 
578.2  nm.  Thus,  the  color  images  effectively  result  from  the  combination  of  just  four  different 
wavelengths.  The  relative  amounts  of  I(R),  1(0),  and  1(B)  produced  for  unit  exposure  of  the  high-speed 
film  (Kodak,  Ektachrome  2253)  at  these  four  wavelengths  were  approximated  from  the  published  spectral 
sensitivity  curves.  The  relative  amounts  determined  in  this  manner  arc  shown  in  Table  2.  This  taUe 
shows  that  the  510.6-nm  laser  line  is  the  only  color  source  which  contributes  to  1(B).  Likewise,  I(R)  is 
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Table  2.  Film  Response  to  Prevalent  Wavelengths  in  Burning  Spray  Illuminated  by  Copper  Vapor  Laser 


•  M 


RGB  Sensitivity  v.  Selected  Wavelengths  for  Unit  Expo 
(Kodak  Ektaohrome  22S3  High  Speed  Daylight  Film) 


Wavelength 

(nm) 

R 

Q 

B 

510.6 

0.5 

6.1 

5.9 

576.2 

1.6 

15.1 

<0.1 

589.0 

1.8 

6.4 

<0.1 

670.7 

27.5 

<0.1 

<0.1 

WswIneMi 


predominantly  due  to  emission  firom  lithium.  Thus  the  color  content  of  the  images  provides  a  means  of 
identifying  contributions  due  from  flame  and  laser  scatter  from  liquid  in  regions  where  these  two  processes 
are  coincident 

It  should  be  noted  that  the  film  color  sensitivity  data  has  only  been  established  for  exposure  times 
ranging  from  10^  to  10*^  seconds.  Eiqxrsure  durations  outside  this  range  necessitate  corrections  for  color 
biasing  mtd/or  f-stop.  Since  the  film's  exposure  to  flame  is  controlled  by  the  framing  rate  of  the  camera 
(<10^  fps),  the  published  data  should  provide  reasonable  values  for  color  analysis  of  flame.  The  film's 
exposure  to  laser  scatter,  however,  is  detennin&l  by  the  duration  of  the  laser  pulses  which  are 
2.5x10*^  seconds  long. 

To  establish  sensitivity  data  forthe  2.5xlO‘*>second  exposure  to  laser  scatter,  images  from  experiments 
involving  the  injection  of  H2O  were  analyzed.  For  these  experiments,  the  image  is  solely  a  produa  of 
laser  scatter.  We  found  that  the  I(B):1(0)  ratio  in  these  images  is  close  to  1:1.2  vs.  the  1:2  ratio  calculated 
from  the  values  in  Table  2.  This  deviation  may  be  due  to  light  scattering  phenomena.  The  effective  cross 
section  for  light  scattering  from  particles  changes  with  their  size  and  index  of  refraction  in  accordance  with 
the  Mie  theory.  For  particles  of  submicron  size  (Rayleigh),  scattering  efficiency  is  greater  u  shorter 
wavelengths.  Hence,  for  finely  atomized  sprays  undergoing  sipifleant  evaporation,  it  is  possible  that  the 
S10.6-nm  laser  line  scattered  more  effectively  than  the  578.2<nm  line.  This  would  result  in  an  image  with 
higher  than  expected  blue  content 
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While  this  explanation  may  account  for  the  observed  ratio  deviation,  other  factors  (such  as  variations 
in  the  developing  process)  are  probably  also  important.  And  combusting  sprays  have  additional 
considerations.  For  example,  the  known  LGP1845  combustion  intermediate  NO2  has  an  absorption  cross 
section  which  is  much  higher  at  510.6  nm  than  at  578.2  nm.  Preferential  absorption  of  the  510.6-nm  line 
would  tend  to  lower  the  I(B);I(G)  ratio.  Since  it  was  not  possible  to  quantitatively  assess  all  the  factors 
which  could  have  affected  the  color  balance,  we  focused  on  noise  reduction  and  image  enhancement  based 
on  the  simple  process  identification  criteria  noted  above.  That  is,  1(B)  is  associated  with  laser  scatter  and 
I(R)  is  associated  with  flame  emission. 

Criteria  to  identify  noise  in  the  images  was  established  by  sampling  background  regions  which  should 
have  been  black  G(R)=I(G)=I(B)=0).  1(G)  values  were  particularly  instructive  in  this  regard  because  both 
emission  from  the  combustion  process  and  laser  scatter  produce  images  with  1(G)  values.  (See  Table  2.) 
From  this  analysis,  a  threshold  characteristic  of  tme  signal  was  determined. 

llie  next  aspect  of  the  analysis  involved  enhancing  the  details  of  gas-liquid  interaction.  This  was 
approached  by  calculating  the  I(R);I(B)  ratio  on  a  pixel  by  pixel  basis.  A  large  I(R):I(B)  ratio  indicates 
a  high  contribution  due  to  emission  from  flame  while  a  low  ratio  indicates  a  high  contribution  due  to  laser 
scatter  horn  liquid  particles.  (Because  both  flame  emission  and  laser  scatter  produce  images  with  1(G) 
values,  1(0)  values  do  not  provide  information  which  delineates  the  combustion  process  from  the  laser 
scatter.)  The  pixels  were  then  mapped  to  a  pseudocolor  based  on  the  1(R):I(B)  ratio.  Additionally,  the 
Intensity  of  each  pseudocolor  pixel  was  modulated  in  proportion  to  its  total  intensity  (I(R)+I(G)'fI(B))  in 
the  original  image.  Intensity  modulation  was  necessary  to  retain  the  details  of  the  original  image  in  the 
pseudocolor  map.  The  noise  reduction  and  pseudocolor  mapping  (detailed  in  Appendix  A)  was  optimized 
empirically  to  provide  the  best  details  of  the  gas  (flame)  -  liquid  interactions.  It  was  applied 
systematically  to  sequences  of  images  which  were  then  animated  and  compared  to  the  raw  cinematic 
images. 

The  color  image  analysis  techniques  were  initially  developed  and  tested  on  the  cinematic  record  from 
Tc^  #29.  Hiis  record  was  clioscn  because  both  high  combustion  intensity  and  excellent  visualization  were 
achieved  in  the  test.  The  high  combustion  intensity  was  a  result  of  using  a  large  (I.O  mm)  diameter 
oriflcc,  an  above  nominal  injection  velocity,  and  an  above  nominal  ambient  pressure.  Figures  22  and  24 
show  origin^  cinematic  images  of  Test  #29,  and  Figures  23  and  25  show  their  image  enhanced  versions. 
The  pseudocolor  map  in  the  enhanced  versions  delineates  three  major  regions  in  the  spray.  Blue  indicates 
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Figure  23.  Color  Itiianc  Analysis  of  Fimirc  22  Sctiiicnco:  Blue  -  Nontvacuuu  l.iuuid:  Green.  Red. 
Ycllt)\v  -  lncrea.sin);  tX*i;rcc.s  of  Rcaciiviiv. 


41 


Following  page  inienlionally  Icl't  blank 


J  olUnvinj!  imoiilioniilh  lc(l  hl.ui>. 


unbumed  liquid,  green  indicates  a  transitional  case,  and  red  shading  into  yellow  indicates  progressively 
more  enetgetic  combustion  where  flame  emission  is  most  intense.  As  shown  in  Figures  22  and  23, 
ignition  started  in  the  far  field  and  flame  propagated  upstream.  In  all  sequences,  burning  in  vortices  is 
prominent,  as  is  the  existence  of  submillimeter  size  burning  particles.  The  color  image  enhancement 
(Figure  25)  of  the  large  burning  particles  creates  green  circular  specks  surrounded  by  a  yellow  circle 
(flame).  Thus,  liquid  particles  underlying  the  flame  were  revealed  via  the  image  processing  procedure. 

The  sequences  also  show  that  some  features  change  gradually  from  frame  to  frame  wlule  otlrers 
change  drastically.  For  example,  some  of  the  drops  in  Hgure  24  and  25  can  be  followed  for  several 
frames  while  others  occur  in  one  f^e  only.  Interestingly,  a  (solar  type)  prominence  lasts  for  the  entire 
sequence.  These  result  indicate  some  coherency  in  the  combustion  process.  This  is  particularly  evide^ 
close  to  the  nozzle, 

9.  DISCUSSION 

9.1  UQUID  JET  BREAKUP  AND  SPRAY  FORMAHON 

Of  the  mechanisms  leading  to  the  combustion  of  LPO.  the  rate  limiting  process  is  expected  to  he  the 
breakup  and  atomization  of  the  LCP  jet  into  smadl  liquid  particles,  lire  dynamics  of  this  process, 
therefore,  control  the  amount  of  LOP  present  in  the  roinbustiem  chamber  at  any  given  time.  If  LOP 
accumulates  beyond  a  thresltold  amount,  the  combustion  process  has  the  potential  to  become  unstable  and 
prone  to  pressure  fluctuations.  The  visualization  of  LGP  spray  achievo)  in  this  study  provides  a  ba^  for 
approaching  the  analysis  and  modeling  of  RLPG  combustion  processes. 

Althou^  in  presou  RLPGs,  the  LGP  is  mjected  ihrou^  annular  oriflocs.  the  dynamics  of  full  cone 
sprays  generated  frun  simfdc  circutar  orifices  were  investigated  in  this  study.  This  was  done  for  both 
practical  and  scicrttific  reasons.  Experiments  with  circular  oriflccs  could  be  made  sadcr,  more  conirNlaNe, 
provide  longer  quasi-steady  test  conditions,  and  with  better  visualization  than  comparable  expeiimctos  with 
annular  ^irays.  Also,  the  expetiroental  results  could  be  interpreted  and  compaicd  to  the  extensive  dau 
base  which  exists  for  full  cone  spnys.  The  database  for  annular  sprays  is  comparatively  small  and  of 
questionable  value.  AdmittoUy.  annular  sprays  may  have  some  uiUque  characteristics  (Bitk  and  Reeves 
1987X  bm  fundamental  LGP  .«pray  combustion  dytumics  should  be  the  same  for  these  two  oonligufaiions. 
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As  3  case  in  point,  pressure  fluctuations  liave  been  observed  in  combustors  employing  full  cone  sprays 
(Rychnovsky  et  al.  1990). 

Numerous  models  have  been  proposed  to  predict  the  behavior  of  full  cone  sprays.  After  an  exhaustive 
seareii  of  the  literature,  we  chose  to  analyze  the  present  results  following  the  treatment  suggested  in  the 
elegant  review  by  Bracco  (1985).  This  review  considers  the  full  cone  spray  atomization  fiom  simple 
circular  orifices  as  the  two-phase  counteipart  of  single-phase  incompressible  turbulent  jets.  The  closer  the 
gas  density  is  to  the  liquid  density,  such  as  found  at  the  very  high  pressure  reached  in  guns,  the  more 
physically  correct  it  becomes  to  consider  a  spray  as  a  turbulent  jet.  The  review  also  outlines  the  use  of 
aerodynamic  theory  for  predicting  primary  atomization  parameters. 

A  schematic  diagram  of  spray  structure  and  some  characteristic  parameters  are  shown  in  Hgure  26. 
The  schematic  is  appropriate  for  Pq/Pj^  >  0.1,  the  regime  in  which  we  are  interested.  For  comparison,  the 
spray  structure  observed  in  Test  #27,  where  Pq/Pl  =  0.334,  is  shown.  The  intact  liquid  core  length  (zj) 
in  the  spray  corresponds  to  die  potential  core  length  (z^)  in  a  single-phase  turbulent  jet.  CTbc  intact  core 
length  is  also  referred  to  as  the  breakup  length.)  When  the  orifice  diameter  (d^  and  the  ii\jecdon  velocity 
(Uq)  are  the  same  for  both  cases,  Zj  is  longer  than  Zjj  by  a  factor  which  is  primarily  a  functioi  of 
(Pi/Pq)*^.  The  turbulent  jet  reaches  a  fully  developed  region  called  the  far  field  after  a  development 
length  designated  Similarly,  a  far  field  is  achieved  in  a  spray  (Z2  >  z^j)  in  which  the  spray  is  dilute 
and  there  is  no  slip  velocity  between  the  phases.  The  velocity  and  spray  concentration  profiles  are  self¬ 
preserving  in  botlt  turbulent  jets  and  sprays.  That  is,  their  profiles  scale  to  r/(z-z^  where  r  is  the  ladial 
distance  from  the  centerline  and  the  z^  is  the  virtual  origin  of  the  jet  divergence  angle  Q.  The  tangent  of 
the  divergence  arrgle  0  is  linearly  proportional  to  a  semiempirical  constant  related  to  l/dg  multiplied  by 
(Pq/Pl)^^-  Th®  center-line  spray  velocity  decreases  with  distrnce  as  (Pi/Pc3)^'^/(z-Zo)*  3*^^  entrained  mass 
increases  as  (Pg/Pl)^^(z-Zo). 

The  spray  outline  in  the  far  field  does  not  form  a  pure  conical  shape.  Rather  it  has  a  jagged  envelope 
and  exhibits  a  high  degree  of  vorticity.  Although  most  information  and  data  relates  to  the  far  field,  from 
modeling  (Coffee  et  al.  1991)  it  is  expected  that  unreacted  liquid  does  not  exist  much  beyemd  z^  in  gun 
applications.  This  conclusion  is  cmifirmed  in  the  present  work  where  combustion  is  shown  to  occur  in 
the  dense  spray  region  delineated  by  Box  A  in  Figure  26.  This  region  is  a  transition  zone  between  the 
near  and  far  fields  of  the  spray.  Since  the  jet  breakup  and  transition  zone  arc  most  re^vant  for  gun 
ap^icadons,  the  following  discustdon  focuses  on  charactcrizadon  of  this  region. 
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With  respect  to  atomization  processes,  the  basis  for  drop  formation  in  the  aerodynamic  theory  is 
related  to  disturbances  on  the  core  (or  on  large  liquid  blobs  constituting  the  core  region  [Reitz  1987]) 
which  grow  unstable  due  to  capillary/aerodynamic  forces.  Tne  most  unstable  protuberances  detach  and 
form  the  primary  atomization  droplets.  It  should  be  noted  that  other  mechanisms  for  jet  breakup  have 
been  postulated  (Bracco  1985).  These  include  "pipe"  turbulence  in  the  nozzle,  liquid  supply  pressure 
oscillations,  and  cavitation.  Of  these,  only  turbulent-induced  breakup  is  a  potentially  viable  atomization 
mechanism  for  the  experiments  presented  above.  The  Reynolds  number  (ReL  =  PlMo^l) 
through  the  injector  nozzle  is  above  the  critical  value  for  turbulent  flow  in  pipes  (i.e.,  above  2,000). 
However,  fully  developed  turbulence  was  achieved  only  after  i/d^  >  40  and  the  injector  nozzles  used  in 
this  study  had  t/d^  ratios  equal  to  4.  Thus,  the  high  Re^  flows  probably  created  some  degree  of 
turbulence,  but  the  velocity  profile  of  the  flow  in  the  exit  charmel  was  primarily  laminar.  (This  is 
particularly  tme  for  experiments  in  which  a  0.5-mm-diameter  orifice  was  used.)  Therefore,  the  following 
comparisons  are  mainly  with  respect  to  the  aerodynamic  theory. 

The  values  of  experimental  parameters  which  are  used  to  predict  behavior  based  on  the  aerodynamic 
theory  of  jet  breakup  are  summarized  in  Table  3.  All  tests  were  within  the  regime  where  breakup  begins 
immediately  at  the  injector  nozzle  exit.  Modeling  based  on  the  aerodynamic  theory  provides  relationships 
for  predicting  the  spray  angle  (0).  intact  core  length  (zj),  and  primary  drop  sizes  (dp)  for  a  given  set  of 
test  conditions.  The  values  of  0.  Zj,  and  dp  calculated  for  the  experiments  of  Table  3  arc  given  in  Table  4. 
The  basis  for  the  calculated  values  and  their  comparison  with  tlic  experimental  results  is  as  follows. 

9.1.1  SPRAY  DIVERGENCE  ANGLE 


Po*"  Po^Pl  <  0*1*  the  spray  angle  may  be  calculated  from  the  aerodynamic  theory  using 

ian(e/2)  =  Co  g(Oh,  Wcq.  We^) ,  (1) 

where  Oh  « (Pi/PLOdg)*^  is  the  Ohnesorge  number,  Wc^  =  Pi^^djo  is  the  liquid  Weber  number,  and 
«• 

Wcq  =>  pflUo  <yo  is  the  gas  Weber  number.  The  Ohnesorge  number  contains  the  influence  of  liquid 
viscosity  (pj  while  the  Weber  nuntbers  contain  the  Influence  of  surface  tension  (o).  CThc  function  g  can 
be  found  in  (Reitz  1987]  and  the  reader  is  refened  to  this  article  for  its  explicit  expression.)  The 
parameter  Cg  is  on  empirical  constant  related  to  the  nozzle  geometry.  It  depends  mainly  on  f/dg  and  the 
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Table  3.  Summaiy  of  Test  Conditions  Related  to  Atomization' 


P 

Q/cm® 

P 

g/cm-sec 

a 

g/sec® 

Pq/Pl 

Re^ 

RSq 

WSq 

Oh 

LGP1846b 

1.47 

0.071 

67 

0.098° 

5690 

132000 

6500 

0.045 

0.1104 

15500 

403000 

27100 

0.032 

Water 

1 

0.01 

72 

0.130* 

51300 

222000 

9490 

0.0053 

Ethanol 

0.79 

0.011 

24 

0.160' 

54500 

313000 

58500 

0.011 

NItromethane 

1.13 

0.08 

41 

0.1110 

57800 

127000 

11400 

0.0055 

■  ValuMof  Rt,WaandOharabu«donUs,do. 

b  VaiuM  for  LGP1 845  aro  raprasanUUva  (wtthln  7%)  of  tba  LGP1 888  and  HAN  and  TEAN  water 
mixturea  uaad. 

6  At  nofflinai  teat  conditlona  (0.6  mm  jet  injected  at  f  1 0  m/a  into  SOCfc,  33  MPa), 
b  Maximum  oondNiona  ■  1  mm  jat  injected  at  1 50  m/a  into  500%,  37  MPa  (teat  number  29). 

•  1  mm  jet  injected  at  1 03  m/a  into  530%,  31  MPa  (teat  number  28). 

(  1  mm  jat  in  jaotad  at  1 50  m/a  into  480%.  28  MPa  (teat  number  31 ). 

0  0.6  mm  jet  Injected  at  1 22  m/a  Into  48C^  28  MPa  (teat  number  32). 


Table  4.  Estimated  Spray  Attributes* 


e(Eq.1) 

Oegreee 

e(Eq.2) 

Degrees 

6  (Exp.) 

Degrees 

i^(Eq.3) 

mm 

dp(Eq.4) 

jim 

LGPie45 

12.7“ 

162 

18.6" 

16 

0.77 

122 

164 

182 

30® 

027 

Water 

18,7 

16.7 

H 

26 

1 

Ethanol 

16.4 

172 

12 

25 

ai7 

NItromethane 

162 

16.4 

<12 

15 

0.44 

•  CiorreapondinotoTabtaSteala. 
b  per  Mohapaed  teats  (rumbera  17  and  2t)  e  -11 J 
b  For  speed  testae -18.  For  TEAN  teat  (number  24)  e -17. 
4  For  2mffl  lit  (number  6)  -eSmm. 
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nozzle  entrance  profile.  For  the  present  case  where  //d^  =  4,  Cq  =  0.19  is  suggested  (Reitz  1987).  The 
0  values  calculated  using  Equation  1  range  from  12.7®  for  an  LGP  test  to  18.7®  for  a  water  test 

For  comparison,  we  calculated  spray  angles  based  on  consideration  of  the  spray  as  a  fully  developed 
turbulent  jet.  Following  Abramovich  (1963),  0  for  a  fully  turbulent  jet  can  be  determined  using 

tan(0/2)  =  0.13(1  +  Po/pi).  (2) 

Unlike  Equation  1,  this  equation  is  valid  for  a  wide  range  of  Pq/Pl-  Spray  angles  calculated  using 
Equation  2  fall  within  a  fairly  narrow  range  (16.7  +/-  0.5°). 

The  spray  angle  could  be  measured  in  the  present  experiments  to  an  accuracy  of  +/-  1°.  The 
comparison  of  experimentally  observed  and  calculated  spray  angles  does  not  provide  evidence  which 
favors  the  use  of  either  the  aerodynamic  theory  or  the  turbulent  jet  theory  to  predict  spray  performance. 
The  water  spray  angle  fits  the  result  from  the  turbulent  theory,  and  it  is  in  fair  agreement  with  the 
aerodynantic  theory.  The  trend  to  smaller  angles  for  higher  velocity  sprays  fits  the  aerodynamic  theory. 
However,  the  higher  degree  of  liquid  evaporation  and  decomposition  (due  to  increased  heat  transfer 
associated  with  greater  turbulence  created  by  the  higher  speed)  could  also  account  for  the  smaller  angle. 
Reduced  spray  angles  associated  with  increased  spray  reactivity  is  clearly  demonstrated  in  the 
supcrcritically  evaporating  ethanol  and  nitromethane  sprays.  The  aerodynamic  theory  also  significantly 
undciprcdicts  0  for  the  HAN-based  propcUant  sprays.  Based  on  these  results  we  tentatively  conclude  th^ 
the  sprays  behave  like  single  phase  turbulent  jets  only  in  the  far  field. 

9.1.2  BREAKUP  LENGTH 

Both  the  aerodynamic  theory  and  available  experimental  data  establish  that  for  Pq/Qi  <  0.1,  the 
breakup  length  is  given  by 

h  «  Ccdo(pi/po)‘^ .  (3) 

where  is  a  constant  equal  to  a  value  between  7  and  16  (Chehroudi.  198S).  Calculated  values  range 
from  approximately  IS  mm  to  63  mm. 
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Experimentally,  it  is  very  difficult  to  determine  the  length  of  the  liquid  core  using  visualization 
techniques  because  it  is  masked  by  the  dense  spray  region.  Although  the  intact  core  length  could  not  be 
measured  accurately,  the  large  temperature  difference  between  the  (room  temperature)  injected  liquid  and 
the  hot  ambient  gas  provided  a  means  for  determining  if  the  intact  core  reached  the  thermocouple  fixed 
45  mm  above  the  injector.  If  the  core  reached  the  thermocouple,  the  temperature  readings  would  have 
been  close  to  room  temperarnre,  and  not  the  >200°  C  readings  observed.  (See  Figure  2.)  This  approach 
to  characterizing  the  intact  core  length  may  be  compared  to  the  established  experimental  technique  of 
using  probes  which  conduct  current  when  the  intact  cores  act  to  close  an  otherwise  open  electrical  circuit. 
The  thennocouple  measurements  established  that  in  all  tests  involving  0.5-  and  1.0-mm-diameter  orffices, 
Zi  was  less  than  45  mm.  In  Test  #5,  the  only  experiment  utilizing  a  2-mm-diameter  orifice,  z^  was  found 
to  exceed  45  mm.  Thus,  the  experimental  results  and  the  Zj  values  calculated  in  Table  4  are  consistent. 
The  intact  core  length  is  expected  to  be  the  parameter  least  sensitive  to  evaporation  and  combustioa 
Therefore,  it  is  possible  that  the  aerodynamic  theory  provides  reasonable  estimates  for  the  jet  breakup 
length. 


9.1.3  PRIMARY  DROP  SIZE  DISTRIBUTIONS 

When  Oh  and  p^/p^  are  less  than  0.1,  primary  drop  sizes  predicted  by  the  aerodynamic  theory  can 
be  calculated  using  the  simplified  relation 


dp  =  CBd/Wco,  (4) 

where  Cq  is  a  constant  with  a  value  between  10  and  40.  Based  on  this  equation,  droplets  formed  via 
primary  atomization  in  these  tests  arc  expected  to  have  a  submicron  mean  drop  diameter.  However,  it  is 
not  possiUc  using  currently  availatde  experimental  techniques  to  determine  primary  drop  size  distributions. 
Extremely  large  parriclcs  were  observed  in  subcritically  reactive  sprays,  but  these  are  presumably  the  result 
of  droplet  (xralesccnce— a  secondary  process.  This  observation  highlights  the  fact  tha  the  particle  size 
distribution  depends  to  a  large  extent  (m  coalescence  and  secondary  breakup  ptocesses  in  the  dense  spray 
region.  These  processes  are  not  considered  in  the  aerodynamic  tlKOiy:  therefore,  the  aerodynamic  theory 
and  its  estimates  of  (vimary  drop  size  distributions  (alone)  may  not  properly  represent  the  actual  size 
distributions  in  high-pressure  sprays. 
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9.2  SECONDARY  ATOMIZATION  AND  DROPLET  COALESCENCE 


Submicron-sized  drops  produced  by  primary  atomization  are  not  expected  to  kst  any  appreciable 
distance  down  the  spray.  They  are  prone  to  elimination  by  both  collisional  processes  and  by  rapid 
evaporation.  Assuming  uniform  size  particles,  the  number  of  collisions  per  unit  fe  e  and  volume  (ly  is 
estimated  to  be  (Hinze  1975) 

hp  -  0,(1  -  a)2/dp^ ,  (5) 

where  u,  is  the  relative  mean  velocity  between  the  particles  and  a  is  thr::  void  fraction.  Equation  S 
expresses  the  strong  dependence  of  the  collision  rate  on  drop  size  and  void  fraction.  In  the  dense  spray 
regitm  where  the  submicron  primary  drops  are  formed,  the  void  fraction  is  close  to  zero,  nierefore,  if 
the  liquid  is  relatively  unreactive,  the  collision  rates  will  be  extremely  high  and  drop  coalescence  will  be 
significant.  If  evaporation  is  not  significant  in  the  dense  zone,  larger  drops  will  form  whose  size  will  be 
controlled  by  secondary  breakup  processes. 

The  extent  of  secondary  breakup  processes  is  correlated  w'th  the  g£s  Weber  number  (Wepg)  and  a 
temporal  parameter  The  Weber  number  above  which  a  drop  will  break  is  known  as  the  critical  Weber 
number.  Unfortunately,  several  experimentally  detcrmiiied  values  have  been  reported  for  this  parameter 
and  a  consensus  favoring  one  has  not  been  reached.  We  have  chosen  to  follow  aifi  (1978)  in  whidt 
breakup  was  found  to  occur  for 

Wcpo  >  Wcpo*  =  6.5  (6a) 

where 

*  PoV“p  “ 


Fdllowing  Ranger  and  Nidurlls  (1969),  the  lifetime  of  ^  droplet  is  given  by 

If  the  difference  Up  -  u^^  is  known,  Equations  6  and  7  can  be  used  to  find  the  largest  possible  size  of 
stable  drops  and  the  lifetime  and  ti^cctories  of  larger  drops. 
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Unfortunately,  it  is  very  difficult  to  approximate  Up  -  Uq.  CoUisional  ptiocesses  tend  to  increase  the 
average  drop  size  and,  therefore,  the  drop  response  to  gas  motion  is  very  complex.  Since  the  response 
time  of  drops  to  velocity  fluctuations  is  proportional  to  dp/(pQ)'^  (Faeth  1987),  it  can  be  assumed  that 
micron  size  droplets  in  dense  gas  will  have  no  slip  velocity.  Therefore,  the  relative  velocity  will  be  equal 
to  the  local  turbulent  velocity.  For  example,  if  the  submicron  size  primary  droplets  instantaneously  attain 
local  gas  velocities,  they  can  coalesce  to  rather  large  drops  with  low  values  of  Up  -  Uq.  Therefore,  they 
will  be  stable  with  respect  to  secondary  breakup.  Interestingly,  if  such  small  drops  do  exceed  WepQ*, 
Equation  7  implies  their  lifetime  will  be  very  short.  Larger  drops  are  more  likely  to  be  broken  in  eddies 
by  local  turbulent  velocity  fluctuations  if  their  breakup  time  is  shorter  than  the  time  they  spend  in  the 
eddies.  In  Table  5,  the  critical  drop  size  dp*  and  its  breakup  time  t^*  are  shown  vs.  a  range  of  Up  -  Uq 
up  to  20%  of  the  injecticm  velocity.  As  the  values  in  Table  S  indicate,  drops  0.1  mm  and  larger  are 
possible  in  the  q)rays  tested  if  the  local  velocity  fluctuations  are  below  5  m/s.  Such  conditions  exist  in 
vortices  in  the  transition  arxl  far  field  regions  of  the  sprays.  Indeed,  the  cinematic  records  reveal  large 
droplets  associated  with  semi-stationary  vortices  on  the  spray  boundaries.  (See  Figures  24  and  25.) 
Table  S  shows  that  such  droplets  could  be  stable  for  a  few  milliseconds. 

9.3  THERMAL  CONSIDERATIONS  -  HEAT  TRANSFER.  EVAPORATION.  AND  COMBUSTION 

In  guns,  as  in  the  present  tests,  the  injosted  liquid  has  a  much  lower  temperature  than  the  ambient  gas. 
As  the  liquid  particles  ignite  and  bum.  the  spray  attains  a  certain  penetration  distance  which  corresponds 
to  the  conversion  of  liquid  into  gaseous  products.  (See  Figure  8.)  This  condition  is  also  reached  in  purely 
evaporating  sprays.  Heat  transfer  processes  may  not  significantly  affect  the  breakup  length,  but  they  have 
a  profound  effect  on  the  particle  sizes  of  the  spray,  particularly  in  the  transition  and  far  fields.  At 
supercritical  conditions,  even  the  dense  spray  zone  will  be  significantly  affected. 

The  heat  transfer  processes  in  dense  sprays  are  highly  complex.  They  depend  on  particle  size, 
distribution,  number  density,  turbulence  characteristics,  and  droplet  trajectories.  The  most  conservative 
calculation  of  the  time  it  takes  to  heat  a  droplet  a  certain  ATj  is  obtained  by  assuming  no  heat  transfer 
aupnemation  due  to  convection,  and  by  considering  the  droplet  temperature  to  be  unifoim.  Forthiscase, 
t),  may  be  approximated  using 

•b-PLCK-VATi/'afoWj.  (8) 
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Table  5.  Critical  Drop  Size  and  Secondary  Breakup  Times  for  LGP1845* 


“p-  Uq 
m/a 

1 

2 

5 

10 

20 

|im 

3018 

755 

121 

30 

7.5 

tb 

msec 

38.65 

4J)3 

0.309 

0.039 

0.0048 

*  At  rwmlnai  test  oonditions. 

where  AT2  is  the  average  temperature  difference  between  the  gas  and  the  liquid,  Kq  is  heat  conductivity 
of  the  gas,  and  Cpj^  is  the  specific  heat  capacity  of  the  liquid.  For  the  present  test  conditions, 
ATj  -  2OOP  C,  and  we  assume  AT2  ~  2ATj  -  400^  C.  Using  values  of  Kq  =  0.00026  caVcm-K-s  for 
nitrogen  and  CpL  =  0.57  cal/g-K  for  LGP1845,  Equation  8  yields  tj,  =  0.001, 0.003, 0.034, 0.13, 0.54  ms 
for  dp  =  1,  2,  5, 10,  20  pm,  respectively.  Assuming  a  drop  velocity  equal  to  the  injection  velocity  of 
1 10  m/s,  a  1-pm  droplet  (from  primary  atomization  as  per  Table  3)  will  traverse  0.1  mm  during  a  typical 
beat-up  to  200°  C.  Thus,  small  droplets  fonned  via  primary  atomization  in  the  hot  amUent  gas  on  the 
periphery  of  the  dense  zone  wUl  reach  high  temperature  in  very  close  proximity  to  their  detachment  points 
from  the  liquid  core. 

In  supercritically  evaporating  sprays  (Tests  #30,  #31,  and  #32),  the  lifetime  of  such  droplets  may  be 
so  sliort  as  to  preclude  the  formation  of  a  dense  spray  region.  Furthermore,  supercritical  conditions  hinder 
the  coalescence  of  primary  atomization  droplets  because  surface  tension  rapidly  decreases  as  the  liquid 
approaches  its  critical  temperature.  Thus,  the  liquid  core  breakup  at  such  conditions  may  not  result  in 
spray  at  all.  This  is  likely  the  situation  depicted  in  Figure  18.  This  situation  is  in  contrast  to  subcritical 
condidons  where  the  average  drop  size  may  increase  markedly  due  to  coalescence.  In  the  case  of  LOP, 
coalescence  may  occur  well  before  drops  reach  their  decomposition  or  igniUon  temperature.  This  produces 
slower  drop  heating  rates  and  postpones  IgnUion  to  regions  beyond  the  dense  spray  zone. 

As  already  discussed,  the  entrained  gas  mass  in  sprays  grows  very  nqddly  downstieam  of  the  virtual 
origin  of  the  spray.  At  the  point  where  the  temperature  is  measured  in  the  piesem  tests  (about  45  mm 
from  the  injector),  it  is  esdtnated,  based  on  tire  spray  angles,  that  the  ratio  of  the  entrained  gas  to  liqidd 
masses  is  well  over  10.  Because  the  heat  capacity  of  the  gas  per  unit  mass  is  close  to  ttua  of  the  liquid, 
the  entr^ned  gas  has  sufficient  capadQi  to  heat  the  liquid  dose  to  the  local  ambient  gas  tempeiaturo. 
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Based  on  the  thennocouple  measurements  (Figure  2)  and  drop  heating  times  (y  calculated  above,  it  seems 
likely  that  the  sprays  are  homogeneous  at  the  measurement  location.  If  this  is  the  case,  then  the 
temperatures  measured  are  indicative  of  the  local  liquid  temperature. 

This  observation  is  interesting  in  view  of  the  proposed  scheme  for  LGP184S  spray  combustion 
(Carleton  et  aL  1990).  In  this  scheme,  combustion  is  assumed  to  occur  in  stages  which  start  with  the 
decomposition  of  HAN  into  nitric  acid,  NO^.  N2,  and  water  at  about  12(f  C.  This  process  is  only  mildly 
exothermic.  When  the  nitric  acid  reaches  180°  C,  it  decomposes  into  NO2  and  OH,  which  react  promptly 
and  exotheimally  with  the  TEAN.  Significant  reaction  (re:  sustained  ignition)  is  not  expected  until  the 
temperature  reaches  this  point 

In  view  of  this  scheme,  we  found  it  surprising  that  the  temperature  measured  inside  the  spray  was 
above  the  nitric  acid  decomposition  temperature  (Figure  2),  yet  well  below  flame  temperature,  even  when 
flame  was  enveloping  the  spray.  Furthermore,  the  measured  HAN  spray  angles  (Table  3)  indicate  that 
little  decomposition  occurred  until  well  downstream  of  the  thermocouple.  Taking  into  account  the 
characteristic  heating  times  calculated  eariier,  significant  decomposition  on  the  periphery  of  the  HAN 
sprays  was  expected.  This  would  have  resulted  in  much  smaller  ^ray  angles  than  those  measured.  It  is. 
therefore,  surmised  that  even  at  250^  C  and  33  MPa.  the  decomposition  kinetics  of  the  HAN  is  relatively 
slow  (Figure  2).  In  these  experiments,  the  rate  of  heat  transfer  from  the  entrained  arobiem  gas  to  the  spray 
determines  the  ignitimi  location  in  the  spray.  If  the  temperatures  inside  the  spray  are  not  high  enough  to 
nqridly  decompose  HAN  and  HNO3,  the  decomposition  products  will  be  diluted  by  the  eittiained  inert 
ambient  gas  and  combustion  will  not  be  complete. 

Comparison  of  the  tests  results  for  the  LXIP184S  and  IJOP1898  sjuays  also  indicates  that,  in  addition 
to  a  tempNatune  threshold,  the  LOP  sprays  retpifre  some  threshold  ctmcentiation  of  rear^ve  species  before 
si^cant  reaction  occurs.  The  LGP1898  uses  DEHAN  instead  of  TEAN  for  a  htel  component  (Klein 
et  al.  1991).  The  DEHAN  decomposition  temperature  is  similar  to  that  of  the  HAN  and,  therefore.  HAN 
and  DEHAN  decompose  almost  simultaneously.  This  results  in  a  prompter,  more  vigorous  reaction  than 
adtieved  with  the  LQP1843  under  the  conditions  of  these  experiments. 

The  test  results  also  demonstrate  the  impact  of  general  turtwlence  on  the  periphery  of  the  spray  In  the 
transition  and  far  field  regions.  Turbulence  erthances  heat  transfer  and  the  mixing  of  reactive  ^redes  in 
these  regions.  It  was  always  observed  that  ignition  first  occurred  in  the  far  field.  Flame  advancement 
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towards  the  transition  region  was  associated  with  tuihulent  recirculation  of  the  gas.  (Turbulent 
recirculation  of  the  gas  is  a  result  of  injecting  into  a  closed  chamber.)  Also,  evaporation/combustion  acts 
to  redistribute  axial  momentum  in  the  radial  direction.  Coupled  with  the  turbulent  recirculation,  this 
facilitates  flame  advancement  up  the  spray  by  seeding  the  spray  with  reactive  species. 

The  cinematic  records  clearly  indicate  vortex  formation  on  the  spray  envelope.  The  long  residence 
time  of  liquid  particles  in  vortices  facilitates  ignition  and  sustained  burning  in  this  area.  The  cinematic 
records  also  indicate  that  the  large  drops  (hundreds  of  microns  in  size)  were  associated  with  the  vortices. 
The  mechanism  of  the  formation  of  these  large  droplets  is  not  weU  imderstood,  but  it  is  hypothesized  that 
the  drops  are  produced  by  the  coalescence  of  much  smaller  drops  in  converging  stream  lines  in  the 
vortices.  The  slip  velocities  in  vortices  are  sufficiently  low  that  the  secondary  breakup  of  the  drops  is 
precluded.  The  photographic  records  indicate  apparent  burning  rates  for  the  large  drops  of  10  to  100  cm/s, 
regardless  of  LOP  type.  These  rates  are  only  rough  estimates,  but  they  are  in  the  range  found  in  previous 
studies  (Lee  et  al.  1990).  Another  observation  is  that  tire  formation  process  of  the  large  drops  apparently 
induced  occasional  magnus  forces  on  droplets,  causing  abrupt  and  I'andom  clranges  in  their  trajectories. 
Once  the  large  drops  accelerated,  secondary  breakup  took  place  atrd  the  fragments  were  consumed  by 
combusdon. 

The  supercriUcally  evaporating  sprays  exhibited  urtique  characteristics.  The  photographic  evidence 
indicates  intemrittent  breakup  of  blobs  from  the  Up  of  the  liquid  core.  The  blobs,  apparently  composed 
of  densely  packed  small  particles,  expand  and  swell  downstream  before  completely  evaporating.  It  is 
possible  that  the  swelling,  rather  than  indicating  radial  droplet  velocities  (as  in  conventional  subcritical 
sprays)  is  a  manifestation  of  rapidly  decreasing  density  as  the  liquid  particles  approach  their  critical 
temperature.  The  structure  and  behavior  of  supcrcritically  evaporating  sprays  are  still  poorly  understood. 
Presumably,  the  behavior  of  supercritical  combusting  ^ys  resembles  that  of  supercritical  evaporating 
sprays. 


9.4  IMPUCATIONS  OF  THE  PRESENT  WORK  TO  MODEUNO  OF  COMBUSTION  IN  GUNS 

effort  has  been  devoted  to  modeling  the  pressure  fluctuations  prevalent  in  RLPOs.  Coffee 
(1992)  has  been  successhil  in  numerically  simulating  coherent  pressure  oscillations  associated  with 
acoustic  modes.  In  his  model,  the  liquid  is  injected  with  a  known  average  Sauter  mean  diameter  drop  size. 
Having  spedfled  the  initial  burning  area  and  a  piessuie<depcndeiu  bum  rate,  the  evolution  of  the  spray 
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is  followed  using  the  LHF  approximation.  (This  approximation  assumes  no  slip  velocity  between  the  two 
phases.)  When  a  steep  pressure  dependency  of  the  bum  rate  is  assumed  (d  dp/dt  ~  p",  n  >  1.2),  pressure 
oscillations  develop  due  to  wave  reflection  from  the  chamber  walls.  One  shortcoming  of  this  model  is 
that  it  does  not  consider  liquid  core  breakup  processes.  Such  processes  are  certainly  important. 
Equation  3  indicates  that  liquid  core  size  will  decrease  with  pressure.  Therefore,  a  transverse  pressure 
wave  may  break  a  large  section  of  the  liquid  core  into  rapidly  burning  segments.  Also,  the  validity  of  the 
bum  rate  pressure  dependence  used  in  die  model  is  at  present  tentative.  In  principle,  a  model  can  be 
devised  which  considers  the  interaction  of  the  liquid  core  with  transverse  pressure  oscillations  while 
assuming  a  much  milder  dependency  of  burning  rate  on  pressure.  While  such  a  jet  breakup  model  would 
be  more  physically  realistic,  experimental  data  useful  for  validating  such  a  model  is  lacking. 

The  combustion  in  these  experiments  occurs  at  subcridcal  conditions  and  the  amount  of  propellant 
burning  in  large  drops  appears  to  be  a  large  fraction  of  the  total.  Even  so,  the  present  work  establishes 
that  combustion  on  the  periphery  of  the  sprays  can  take  place  within  z/dg  =  20  of  the  injector.  This 
corresponds  to  the  dense  spray  region  (Figure  26).  The  ambient  temperatures  and  pressures  durlitg  most 
of  an  interior  ballistic  cycle  are  much  higher  than  tho^  studied  in  these  experiments  and,  at  pressures 
above  60  MPa,  the  combustion  in  guns  may  be  supercritical  (Kounalakis  and  Faeth  1988).  At  gun 
temperatures  and  pressures,  reactions  would  accelerate  such  that  droplets  formed  via  primary  atomization 
might  not  have  time  to  coalesce  into  large  droptets.  Supercritical  conditions  would  further  render  large 
droplets  unstaUe  due  to  reduced  surface  tension.  These  considerations  suggest  that  burning  sprays  in  guits 
wiU  be  consumed  a  short  distance  from  the  liquid  core  and  a  far  field  region  will  not  develop.  Also,  the 
combustion,  whether  subcridcal  or  supercritical,  is  likely  to  be  highly  turbulent  with  sizable  local 
fluctuations.  At  the  high  pressures  in  guns  where  the  combustion  intensities  ate  extremely  high.  It  is 
possible  that  tuibulent  flucuuttions  could  generate  high  local  pressures.  These  could  then  be  echoed  by 
adjacent  chamber  walls  and  reinforced.  The  LX3PI84S/niiroinclhane  test  (#33)  indicates  that  large  !LOP 
drops  can  be  formed  even  wtien  ambient  gas  temperatures  are  higher  than  (he  SOO^  C  obtained  with 
ftiuogen  alone.  However,  more  definitive  studies  arc  required  to  characterize  the  competing  proc. 
secondary  atomization  and  dropla  coalescence  at  high  tempeiaiuies. 

Until  data  is  avaiUdile  regarding  the  structure  and  pressure  dependency  of  burning  rates  in  sprays  at 
pressures  above  60  MPa,  it  is  suggested  that  modeling  of  separated  flow  phenomena,  such  as  drt^ 
tiajecsorics  in  the  far  flelds  of  sprays,  be  avoided.  Modeling  should  instead  ooncemrate  on  the  breakup 
piDcess  of  the  liquid  core  since  the  cote  exists  for  both  subcrUically  and  supercriiically  combusting  LOP 
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sprays.  Existing  models  of  liquid  core  breakup  in  sprays  apply  turbulent  theories  such  as  the  LHF 
approximation  (Faeth  1987),  the  aerodynamic  theory  (Reitz  1987)  and  the  jet  embedding  technique 
(Przekuas  et  al.  1988).  At  this  time,  the  LHF  approximation  has  not  yet  been  attempted  in  gun  codes,  and 
a  partial  use  of  correlations  based  on  the  aerodynamic  theory  of  jet  breakup  was  unsuccessful  (Coffee 
et  al.  1991).  The  present  work  shows  that  in  dense  sprays  drop  coalescence  and  secondary  breakup 
processes  are  very  important  if  the  sprays  bum  subcritically.  Computer  codes  developed  to  account  for 
such  processes  may  be  prohibitively  time  consuming  to  run.  Thus,  it  may  not  be  desirable  to  attempt  to 
model  the  results  of  this  experimental  study.  In  contrast,  an  LHF-based  code  suitable  for  spray  conditions 
at  the  high  temperatures  and  pressures  in  a  gun  should  be  far  easier  to  implement.  Even  so,  it  is  important 
to  remember  that  the  physical  basis  of  the  established  theories  have  weak  points  and  all  include 
questionable  empirical  parameters.  It  should  also  be  rcmembered  that  the  injection  nozzles  in  most  RLPG 
ate  annular  and  have  complex  exit  channel  geometries.  The  adaptation  of  the  aerodynamic  theory  to  these 
cases  is  not  straightforward. 

Future  testing  with  the  existing  facility  will  be  undertaken  to  establish  liquid  cote  lengths  of  both  full 
circular  and  annular  simulant  jets  through  the  use  of  soft  x-ray  photography.  However,  the  study  of 
pressure  fluc^attons  and  their  interaction  witli  the  com  will  not  be  possible  due  to  the  low  pressure  rating 
and  the  limited  combustion  intensliks  whicti  can  be  adtieved.  A  150-MPa  spiay-combustion  visualization 
facility  which  address  these  shortcomings  is  now  under  design.  This  facility  will  reveal  whether  tire 
LGP  bums  supcrcritically  at  pressures  where  pressure  osciUaUons  are  found  in  guns. 

10.  CONCXUSIONS 

1)  In  the  pressure  range  tested  (i.c.,  <40  MPa),  the  combustion  of  HAN-based  U}P  arrays  is 
subcritical. 


2)  Subcritical  combustion  of  LGP  sprays  al  high  pressures  is  a)mrDUed  by  turbulent  mixing  processes 
and  occurs  in  vortices  enveloping  dense  t^y  in  (ire  tiansitlmi  region  between  Utc  near  Held  (liquid  core 
break-up)  and  the  far  field  (fully  developed  ludnilcni  jet). 

3)  Drop  coalescence  in  vortices  results  in  a  significant  percentage  of  the  LGP  burning  as  large  (ca. 
1  nun)  particles,  lltc  small  burning  area  to  volume  ratio  for  particles  can  increase  the  level  of 
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unreacted  LGP  in  the  RLFG  combustion  chamber  and  render  the  combustitm  more  susceptible  to  pressure 
fluctuations. 

4)  The  experiments  with  nibomethane  and  ethanol  demonstrate  that  supercritical  combustion  is  likely 
to  be  controlled  by  liquid  core  break-up  dynamics.  Spray  particles  will  be  extremely  small  and 
combustion  will  be  complete  in  close  proximity  to  the  core.  Pressure  fluctuations  may  interact  strongly 
with  liquid  core  dynamics. 

5)  Subctitical  combustion  of  LGP  was  observed  to  occur  in  the  transition  region.  This  indicates  that 
even  if  combustion  at  high  gun  pressures  is  still  subctitical,  combustkm  is  Ukely  to  be  comtflcte  within 
a  few  centimeters  beyond  the  liquid  core. 

6)  The  highly  turbulent  and  random  nature  of  the  combustion  observed  in  this  study  inrhcates  a 
mechanism  whereby  local  pressure  excursions  can  be  triggered.  However,  as  no  i»essure  oscillations  were 
observed,  the  present  work  docs  not  establish  a  mechanism  for  their  sustained  growth. 

7)  If  the  mechanisms  driving  pressure  fluctuations  in  RLPG*s  are  to  be  uncquivocilly  determined, 
experiments  will  have  to  be  extended  to  ptesmircs  above  100  MPa.  The  vigualkaion  tedmiques  presently 
developed  are  appiicablft  to  such  elevated  prestmr^. 


iNTEimONALLY  LtJFr  BLANK. 
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Once  an  image  is  ported  to  die  Silicon  Gr^hics  Personal  Iris  4D20G,  it  is  converted  to  an  RGB  image 
file  and  placed  in  an  RGB  framebuffer  in  ".pic”  format  The  RGB  image  file  created  from  a  video  frame 
typically  has  about  133,000  pixels.  Each  piiml  contains  three  color  components:  red,  green,  and  blue. 
Each  color  component  has  an  8-bit  dynamic  range  (i.e.,  an  intensity  value  from  0  to  255).  These 
components  can  be  separated  into  individual  frame  buffets  and  operated  on  as  appropriate,  based  on 
objective  criteria  fcr  color  sources  in  the  original  image.  It  is  this  feature,  three  component  bit  m^ing, 
that  allows  manipulation  of  the  color  content  in  an  image  on  a  pixel  by  pixel  basis. 

For  the  present  study,  the  first  step  in  processing  an  image  involved  the  elimination  of  color  noise. 
The  characterization  of  noise  levels  was  done  empirically  by  sampling  baclcground  regions  in  the  image 
which  should  have  been  black  (i.e.,  I(R)  =  1(G)  =  1(B)  =  0).  Based  on  this  survey,  threshold  values  for 
I(R),  1(G),  and  1(B)  or  their  sum  were  set  to  a  limiting  value  below  which  a  pixel  elemeiu  was  mapped 
to  black.  The  threshold  values  were  then  adjusted  by  trial  and  enor  until  the  background  was  clear  with 
the  threshold(s)  set  as  low  as  possible.  Threshold  values  of  1(G)  <  50  and  I(R)  <  32  were  typical.  Some 
enhancement  of  image  detail  was  achieved  by  this  thresholding  procedure. 

The  second  step  in  processing  an  image  involved  adculadng  the  ratio  M»I(R)/I(B)  and  the  total  pixel 
intensity  ICI>I(R>fI(0)-fl(B)  for  each  (rixel  not  mapped  to  black.  For  high  values  of  M  (M  >  5),  pixel 
color  components  were  mapped  to:  1(R)325S,  I(O>=0.63*I(T),  1(B)=0.  This  results  in  an  output  color 
ranging  from  ted  to  yellow,  with  yellow  signifying  input  pixels  having  the  highest  value  for  M.  Since 
this  map(^  is  for  high  I(R)/I(B)  ratios,  ycUow  also  corresponds  to  the  highest  fiame  huensity.  Fbr 
the  input  pixel  was  mapped  to:  I(R)=0. 1(0)=0.63*1(T),  I(B>4).  This  m^rping  gives  shades  of 
green.  The  value  0.63  was  found  to  result  in  the  best  detail  coiHrast  in  the  processed  image.  For  M<1 
and  I(B>50.  the  input  pixel  was  mapped  to:  I(R)=0. 1(G)=(0.63  •ICI>64)/2, 1(BH).63*I(T)+64.  This 
resulted  in  a  gieen-tinted  bright  blue  color  wtdeh  printed  well  on  the  cdor  video  primer  (Sony.  Model  UP- 
5000).  This  process  resulted  in  pseudocolor  ou^rping  of  reactivity  without  sig^ficani  loss  of  image  detail 
related  to  total  intensity  variation. 
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LIST  OF  SYMBOLS 


Cq  -  constant  related  to  primaiy  drop  size 

-  constant  related  to  liquid  core  length 

Cp  -  specific  heat  at  ccnistant  pressure,  cal/g-4 

Cq  -  constant  related  to  angle 

d  -  liquid  Uob  diameter,  cm 

do  •  nozzle  exit  diameter,  cm 

dp  -  liquid  drop  diameter,  cm 

K  -  heat  conductivity,  cal/cm-k-sec 

I  •  nozzle  length,  cm 

Up  -  paitide  collision  rate,  1/cm^-sec 

Oh  •  Ohnesoige  number 

P  •  pressure,  MPa 

Re  •  Reynold  number 

r|  •  radial  distance  on  spray,  cm 

T  « tanpeiature, 

t  •lime,sec 

-  droplet  breakup  time,  sec 
^  .beat^iptiine  of  droplet,  sec 
u  •  velocity, 

Up  >  iidectioo  velocity,  tn/aec 
%  -lelafive  mean  velocity  between  pariides,i&/iec 
We*  Wdier  number 
z  > axial diitinoe onipiay, cm 
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p  -  density,  g/cm^ 

)i  -  viscosity,  g/cm-sec 
a  -  surface  tension,  g/sec^ 

6  -  spray  angle,  deg 
a  -  void  fraction  of  liquid  in  spray 


SUBSCRIPTS 


G  -gas 
L  -liquid 
P  •  particle  (droidet) 
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*  -  critical  value 
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